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Abstract 

Structural information of special interest to crystal growers and 
device physicists is now available from high resolution monochromatic 
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synchrotron diffraction imaging (topography). In this review, the 
importance of superior resolution in momentum transfer and in space is 
described, and illustrations are taken from a variety of crystals; gallium 
arsenide, cadmium telluride, mercuric iodide, bismuth silicon oxide, and 
lithium niobate , The identification and detailed:- understanding cf local 
variations in crystal growth processes are shown. Finally, nev 
experimental opportunities now available for exp lei cat tor am indicated 

I . Sources of Current Interest 

New types of materials with enormous scientific and practical interest 

- 

are now being created by atomic or "ultramolecuiar engineering- " cf 
structures not found in nature. Successful fabrication of such materials, 

whether novel in structure or simply far freer of imperfections than found 
in nature, depends on detailed structural information. The degree of 
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II , TYPES OF INFORMATION NOV AVAILABLE THROUGH DIFFRACTION IMAGING 


In contrast to electron microscopy , which provides information on the 
location of features in small regions of materials , diffraction imaging can 
portray minute deviations from crystal perfection over larger areas. 
Diffraction imaging by monochromatic synchrotron x-radiation 2 pinpoints and 
permits analysis of irregularities that can affect physical properties of 
materials. For example, lattice strains lead to strong contrast in such 
images, as in Figure 1; and analysis of the patterns it these strains can 
lead to a detailed understanding of hov they arise' . ttmi^ar-y. 
crystallographic dislocations stand out in the image e c: Mgr. quality 
crystals, as seen in Figure 2. 


Analysis of such images car provide not only evidence of the presence 
and distribution of structural inhomogeneities but also at understanding of 
their structure and origins. As a result, steps can be taken to enhance or 
reduce their presence, as desired. Diffraction imaging thus provides 

useful information on variation in high quality crystals that can be 
correlated with specific aspects of their performance. Such a correlation 
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CURRENT EXPERIMENTAL OPPORTUNITIES 


Synchrotron storage rings now permit far more comprehensive and useful 
realisation of these opportunities than can be achieved with laboratory 
sources because of three optical characteristics of such rings: their 
effective small source site, their high brightness, and the presence of a 
continuous energy spectrum. The small optical source size permits 
formation of highly parallel x-ray beams, which are required for maximum 
resolution. The smallest source size achieved to date, 140 micrometers, 
has been realized in the large storage ring at the National Synchrotron 
Light Source at Brookhaven National Laboratory. Optics at the end of one 
of its 20 meter beamlines can achieve at least 1.5 are -second angular 
resolution, or less than a micrometer on the surface :: a detector in a 
typical configuration. This resolution can be furzr.er increased through 
suitable optics. With the optics describee here individual 

dislocations are clearly seen as in Figure 2 . 

The high brightness achieved in storage rings is central to several 
aspects of crystal characterization. First, high brightness enables one to 
insert additional optics for the improvement of angular and spatial 
resolution while maintaining a useful flux of photons, as described later. 
Second, high brightness permits observation of diffraction features in 
transmission. The distinctive signatures of the dislocations observed in 
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clearly visible in some parts of the crystal while absent in others that 
appear equivalent in diffraction in Eragg geometry. Analysis of such 
differences provides information or. the processes leading to their 
formation 3 . Third, the high brightness of a storage ring permits video 
camera observation of diffraction images in real time. This in turn 
facilitates surveys of sub grain boundary structure and of large scao.e 
crystal strain that are difficult to observe and prohibitive in time by or.} 
other means. Also important is the capability for in-situ experiments 
under environmental variation or conditions such as temperature, p.essu,.e 
or electric and magnetic fields 


Tr.c. aval <*.ac - - - cy oz e c r cu c e 
transmission chat would ocnervisr ; 
The utilization of a mono chroma to r 
s re-race ring can provide imp or tar. r 
diffracting radiation tc a narrow 
contrast in an image over mar oDv 
Figure r" . The interpretation of 
and more certain than the ir-terpre 
radiation. 


Lr. wavelength pennies work in 
oot. be possible because or abscrp~~cr. 
vitr. the continuum from a synchrotron 
further advantages. The restriction of 
srectral band substantially increases the 
a* nable with a vn. ire d e am as in 
such monochromatic images is far simpler 
ration of images formed with white 
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several fold to a height cf several centimeters. Vi*.h suvt - 
c rv seals t an be ex amine d v i t r« ou t sene us interfere nee s non =■*.■***- o ^ a- 
contrast generated by scanning Second, the parallel ism of the analyzed 
beam, is increased by the same factor, bringing the resolution well under 
one arc -second. This can be reduced to much less than a tenth of an arc- 
second with appropriate monochromator optics where necessary. 


These advantages are being realized on the National Bureau of 
Standards (N5S) Materials Beamline X23A-3 at the National Synchrotron Light 
Source (NSLS) at the Brookhaven National Laboratory 5 . Figure 6 shows the 
x-ray optical configuration for diffraction imaging at this beamline 6,/ . 
Two flat crystals (LI and L2) in sequence control beam divergence and beam 
size and are arranged to keep the beam position with respect to the sample 
vocation fixed ir state, independent of the energy selected for study. The 
first monochromator crvszzl 'Ll intercepts the white radiation tear trou 
the storage ring. 7r.it crvstal and the second (L2) move and rotate ir: 
tandem to the appropriate positions to give a highly paraiie^, 
monochromatic beam cf sterifiec energy with a desired dimension. 


It is important to have available monochromatic beams with variable 
dimensions and flux density. The monochromator crystals, LI and L2 can be 
configured in three different wavs: a) symmetrical dir fraction, resulting 
in magnification of one; b) asymmetric diffraction in the magnification 
mode, (providing a large size, more highly parallel beam); and c) 
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Diffracted image magnifier crystals L2 and 1- m Figure t 
placed orthogonally in the beam to produce two dimensional magnification oy 
successive stages of asymmetric Bragg diffraction. Such an x-ray image 
magnifier produces an undistorted image, magnified up to 150 fold before 
detection either with film or with an image detector 9 * iC . The submicron 
range of resolution in real time for crystals can thus be reached by 
commercially available two dimensional image detectors with a practical 
resolution of about 30 micrometers. Figure 7 illustrates the formation of 
a two dimensionally magnified image of a 0-diffracted (forward diffraction) 
beam in transmission. Such an x-ray magnifier can be used also as a zoom 
lens e . since a given pair of two asymmetrically cut crystals provides 
continuous H chanting magnification as different energies of the incident 
oean are selected bv the control svstetr. 


The use of fiat crystal diffraction in an analyzer stage provides 
additional important opportunities' for further analysis. Crystal L3 a.one 
when set fer asvmmetric diffraction can act as an ideal angular analyser 
with ar. aperture less than one arc-second. This defines precisely cne 
momentum transfer of x-ray photons detected after dif traction and 
scattering. In conjunction with an incident beam prepared to be extreme.} 
parallel by the monochromator system described above, such an analyzer 
crystal is capable of providing for equi-d mapping (lattice parameter), 
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imperf action imaging , and small angle x-ray scatt*. ir.t 
S.OIS . irr.ag mg These analytic features strengthen d:f:ractic: 

imaging with a new quantitative capability in which the spatial 
irrperfect ion information in cif fraction images is preserved or enhanced. 
*icr; these optical systems* micros true rural e. feet 5 that have beer: observe 
and measured in situ on a" real time basis under simulated environmental 
conditions in white beam imaging now come within reach for monochromatic 
imaging. 


IV * ILLUSTRATIVE EXAMPLES 


A crystal containing distinct grains (which by definition differ in 
crystallographic orientation) yields broad or structured rocking curves in 
conventional x-ray diffraction. Diffraction images of such crystals 
typically display sharp contrast among the various grains. However, ever, 
vnere the cifference in orientation is in excess of several arc -minute s . 
simultaneous diffraction from more than one grain can be observed and 
a na_yo.rC quantitatively if the crystal is suitable oriented with respect t 
tr.e Dean, a' r.as Deen done in Figure 9 * where, five grains can be cis tin- 
euisr.ee in suen instances, the tilt of the individual grains anc their 
orientation with respect to one another can be accurately determined from 
ttf dear displacement of the Images of the various grains with rested tc 
each other 16 . 


Broad rocking curves can arise also from a different source of 
imperfection, which, in the absence of images, is sometimes confused with 
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shows no maj or sharp 
boundaries separating crystal grains or subgrains. The breadth of the 
rocking curve in this instance is traceable to relatively gradual, 
irregular variation either in the lattice constant or in the lattice 
orientation. Improvement of such crystals will clearly depend on the 
particular types of crystal imperfection that are dominant, Steps taken to 
reduce the nucieation or propagation of additional grains will be 
ineffective in improving the quality of crystals whose perfection is 
limited principally by more subtle inhomogeneity within individual grains, 
perhaps due to impurities or deviation from stoichiometry. 


Clearly delineated sharp subgrair. boundaries are observed also in high 
quality crystals. Such boundaries can separate regions of high contrast 
ever, when the orientation of the subgrains differs only by a few arc - 
seconds in the direction of the beam, as is the case ir. Figure 11 Mere 
com tier, boundaries can be resolved even under unfavorable conditions in 
which imperf ections are more complex, as is characteristic oi unacted 
gall van arsenide, shown ir Figure 12. The orientation of each tea cure is 
indicated by changes in the visibility with change in diffraction. Highly 
oriented features in some parts of this image result from boundary 
scattering in the interior of the crystal, while other features display 
sharp contrast characteristic of features located close to the surface. 
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Other types or structure, c . f- a r . 
growth of a crystal, are visible ir. indiuir doped gaili'orr arsenide, es in 
Fiacre 11. Geometrical features ir. a circular region of the center of a 
bouie appear to imply faceted growth ir. this region. Tr.is is surrounded 
stria t ions associated with periodic tiuctuation in one or more grower, 
parameters. An image of the central region of this bouie is shown 
magnified in Figure 14. The rectangular features characteristic of this 
region are oriented along <11C> directions. These different features in 
local regions indicate that the interface between the melt and solid is 
curved and changes in time during crystal growth 17 . 


V . COKPREHENSIVE UNDERSTANDING 


A variety of strains and other crystallographic irregularities can 
thus be portrayed by diffraction imaging. Through such observations, the 
rcie that these defects plav can be correlated with specific aspects or 
materials properties 11 . However, also inherent in this analysis is tne 
insight that it can provide ir.ee the origin of complex anomalies ana the 
corresponding potential for their control where suitable samples are 
available for study. 


An example of this aspect ci monochromatic synchrotron diffraction 
imaging is a recent stuev carried out on three slices taker, from a single 

high quality bouie of bismuth silicon oxide grown in the [001] direction as 
shown in Figure 15 3 . The three slices were cut and polished perpendicular 
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to the growth direction, the perimeter retaining tne snare - r ° - - 
during growth. Slice K it shown in Bragg (ref-ectiov.. gecrre : 
and in Laue {transmission: geometry ir. one orier.tsticr. ;r. Figuie 
E and I are shown in Bragg geometry in figure it and . . re|pec^j.> 
Slice I is shewn in Laue geometry in Figure IS.- Slice K is snow: 
second orientation in Laue geometry in Figure 19. 
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Analysis of these diffraction images permits us to unfold the 
following sequence of steps in the faceted growth of the boule . Shortly 
after necking, a small near-(OOl) growth plane had been established in the 
center of the growing face. Four peripheral {101} facets had also been 
formed. These are depicted in Figure 20. By the time that the boule had 
grown to the location of slice E, the (Oil) facet was growing more rapidly 
than the others, causing it tc decrease in area as illustrated in Figure 
21. Meanwhile, the central, near-(OOl) facet was growing nonunif ormly . 

Its growth rate was greater ir. proximity to the rapidly growing (Oil) 
facet, causins the central near- 1001) facet to deviate iron a precise (OOj., 
orientation and resulting ir. strains observed as fringes in tne centra, 
part of Figure 16 . 


Between the growth of slice E anc that of slice I. tne rate of growth 
of the (Oil) facet slowed while the growth of the (Ivl.) racet increased, 
causing a corresponding change in the shape of the related facets as 
abstracted in Figure 22. The change in the orientation of the central 
figures indicates that the slope of the central near- (001) face underwent a 
corresponding change. By the time that the center of the boule had grown 
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Specific aspects of this nonconstant faceted growth model are verified 
in magnified portions of the diffraction images, Figure 24 and 25. Figure 
24 illustrates continuity between fringes observed in the central region 
and the peripheral striati ons. supporting the faceted growth model where 
growth of the central facet is at a slight angle to the (001) plane. 
Cessation in the growth of the (101) facet while the (Oil) facet continued 
to grow is illustrated in Figure 25. 


to position K . however, growth of the *101) facet had ceas^t cor 
causing distinctive correlated high strain regions m torn - " ' 

and associated further change in the orientation or tne c e m * * - - 
f rinses . Fi cures 22 and 12. respectively. 


The principal elements 
predicts flow during stable 
illustrated schematically 1 


of a mathematical model that successfully 
Czochralski growth for a flat interface* 5 
, Figure 26. An outer flow cell is establ 


are 


by convective heating of the crucible, while an opposing inner flow cell is 
ester- isned tv rotation or tne growing Doui£ . The genet c. _ ct c — 

mathematical model have been verified experimentally* 5 . However, tne 
as vnase r r i cal faceted growth found ir. the diffraction images requires a 
modification in this motel . The development of facets influences ant m 
turn is influenced by. changes ir, the position of the boundary between tne 
two flow cells , indicated ir. Figure 27. The changes in flow are associated 
with corresponding changes in the temperature of particular growing regions 
of the boule and hence control the growth morphology. 
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Modification in materials that car. be observed after ar. additional 
stage of processing in the manufacture of a device is illustrated in Figure 
28. This image shows strains in a piece of lithium niobate indif fused vitr 
titanium. Such regions of the crystal will guide light to be switched or 
modulated by electrodes that have yet to been installed. Observations can 
be made first on a virgin material and at various stages in the finishing 
of the crystal and subsequent processing of a device in order to identify 
the stages at which critical defects are introduced. Another example is 
the observation of EL2 defects, which control the electrical compensation 
of semi- insulating materials such as gallium arsenide, and their 
correlation by laboratory topography with dislocation density 1 *. 


VI # FUTURE DIRECTIONS 


While imaging with monochromatic radiation removes ambiguity 
assoc iatec with diffraction of white radiation having a range of 
wavelengths, some ambiguity in the interpretation nevertheless remains. 
Contrast ir. a monochromatic image can be caused either by lattice parameter 
variations or by variation in orientation of the crystal lattice. 

Moreover, because cf differing diffraction (scattering; angles, radiation 
from a defect appears in ar image displaced from the image of the 
immediately surrounding undisturbed region. Diffraction from a surface 
defect surrounded by a perfect crystal is illustrated schematically in 
Figure 29, in which spatial confusion in the diffracted image is shown and 
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is clearly traceable tcv'd'issiiriUr diffraction • scatrerir.r • ar.c.eF 
Separation of the, diffracted raciacicr. trots the tv.c sources . di.e, * a.ii 
surrounding region, and removal ot the ambiguity xn tne sou. ce •- ot r.e 
accomplished by "out state analysis' through placing ar. 01 ~- c - <=- 

anaivzing crystal so as to intercept tne difrracted image as ...ustra-ed 
in Figure 8, where an analyzing crystal is depicted in "symmetrical 
diffraction." Examples of the results of such "out state analysis" are 
shown in Figures 30 and 31, which picture images of the central region of 


the indium doped gallium arsenide crystal previously shown in conventional 
diffraction images Figure 2, 3, and 13. 

When the analyzer crystal is set to pass "perfect crystal" 
diffraction, the contrast between diffracting and non-diffracting regions 
is relatively high. This high contrast is caused by the interaction 
between the beam in perfect crystal diffraction and the beams scattered 
from defects. When the analyzer crystal is set to discriminate against 
this Perfect crystal r ‘ d if fraction from the matrix, the image is trier, 
restricted .to the scattering from the defects. Analysis or suer, scir.tlit.iec 
images should prove to he more direct and thus less subject to models cr 
defect location than Is the analysis of conventional diffraction images . 


Another opportunity wi th monochromatic synchrotron radiation not yet 
fully exploited is the ability to carry out experiments in real time while 
observations are made with a video camera. One example whose feasibility 
has been proved is the observation of changes in the strain in electrooptic 
crystals as various electromagnetic fields are applied. Strains have been 
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appiiec*"'. inese ii!e*».s a.c .* r * ^ c --» * 

disrlav hvsteresis. 


In suamafv , diffraction tracing car provide a great deal o. insig..r 
inco the physics and formation of electrooptic , photorefracrive and gamma 
ray sensitive crystals. Through exploitation of these opportunities, we 
expect to expand our understanding of the role of defects, which cay eithe: 
reduce or enhance the physical properties of these materials. Through 
collaboration with crystal growers, we can thus optimize these parameter 
through increase in the incidence and character of those defects that can 
be utilized and reduction of those that interfere. 
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Strain patterns in the 6 keV (309) diffrac 
crystal (slice K) of .bismuth silicon oxide 



Dislocation patterns in the 10 keV (0<+0) diffraction iron; ar. 
indium doped (001) -cut wafer of gallium- arsenide. 

Individual dislocations resolved in 8 keV (400) diffraction from 
the indium doped (001) -cut wafer of gallium arsenide shown in the 
previous figure, after fracture. ' „ 

Image of 13.4 keV diffraction in Laue geometry (transmission) 
from ($00) planes of the (OOl)-cut bismuth silicon oxide crystal 
shown in Figure 1 in diffraction in Bragg geometry. 

Comparison of a monochromatic laboratory (004) diffraction image 
of iron- aluminum crystal with three white beam synchrotron 
topographs: (0^2), (220), and (040) of the same crystal. 

NBS materials science beaalipe optics: arrangement of flat 
crystal diffraction elements used for imaging. LI: first 
monochromator crystal, L2: second monochromator crystal, L3: 
first crystal of x-ray magnifier, and L4: second crystal of x-ray 
magnifier . 

Image* magnification: schematic beam path for two dimensional 
magnification. This example shows the image formation for the 0 
(forward) -diffracted beam in transmission under the Bragg 
condition. 

Schematic of experimental arrangement for ''out state analysis." 

A fourth crystal in addition to two nonet nr orator crystals and 
the sample being studied passes the diftraotec team only over a 
narrow angular range, permitting observation either cf defect 
images or of perfect (matrix) crystal images without interference 
from the other type of image . 


Image of 8 keV diffraction from (1 1 1C) planes of a mosaic (001) 
cut mercuric iodide crystal. 

"Contour map" of strains in (111) -cut slice of cadmium teliuride, 
recorded by superimposing diffraction from (333) planes of 
cadmium teliuride recorded at three diffraction angles differing 
by 144 arc-seconds. 


Fig. 10. 



Fit 


Fig. 12 . 
Fig. 13. 
Fig. 14. 


Fig. 15. 
Fig. 16. 
Fig. 17. 
Fig. 18. 


Fig. 19. 


Fig. 20. 
Fig. 21. 


Fig. 22. 


Fig. 22. 


Sharp boundaries separating subgrains dr tier 
about 2 arc-seconds, shown in E ke\ drttract 
of a (OOl)-cut undoped gailiurr arsenide ware 
curved regions of strain that produces curve 


ing in orier.ta 
ion fron. >12^ 
r. Also visit, 
d. continuous! 


varying contrast. 


. e 


Interacting dislocations observed 
geometry (transmission) from (220 
gallium arsenide crystal. 


in 10 keV diffraction in Laue 
planes of (001) -cut undoped 


Image obtained in Bragg geometry diffraction at 8 keV from (00u) 
crystal planes of the (001) -cut indium doped gallium arsenide 
wafer shown in Figure 2 and 3 in Laue geometry. 


Magnified portion of image of diffraction in Laue geometry at 10 
keV from (400) planes of the (001) -cut indium doped gallium 
arsenide crystal shown in Figures 2,3, and 13. 


Relative positions of slices taken from a single high quality 
8 mm boule of bismuth silicon oxide. 


Diffraction image in Bragg geometry of (001) -cut slice E of 
bismuth silicon oxide from (006) planes at 8 keV. 

Diffraction image in Bragg geometry of (001 >-cut slice I of 
bismuth silicon oxide from (0 0 10) planes at 8 keV. 

Diffraction image at 13.4 keV in Laue geometry from (0S"0) planes 
of bismuth silicon oxide slice I, shown in Bragg geometry in 
Figure 14. 

Diffraction image ir. Laue geometry of bismuth silicon oxide slice 
K from (OoO) planes at 12 «- keV . This crystal is shown in Eragg 
geometry in Figure ! and ir. another orientation in Laue geometry 
in Figure 4. 

Abstraction of face of growing bismuth silicon oxide boule 
shortly after initial necking. 

Abstraction cf faceted growth of bismuth silicon oxide boule 
while slice E was being formed. 

Abstraction of faceted growth of bismuth silicon oxide boule 
while slice I was being formed. 

Abstraction of faceted growth of bismuth silicon oxide boule 
while slice K was being formed. 


ORIGINAL PAGE IS 
18 OF POOR QUALITY 



ORIGINAL PAGE IS 

OF POOR QUALITY 
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Fig. 26. 


Fig. 27. 


Fig. 28. 


Magnification of racier, adjacent to the center, ir. tr.e . - - 
direction, of a (00c diffraction or slice i m Eragc geor. try a. 
5 keV . This section shews tr.e boundary between »ne c£i*-. a. 
rectangular near (001 facet growth region containing ir.r.ges at... 
the peripheral (101; facet growth. 

Magnification of the 11C; corner regie, of a (0o0). diffraction 
image of slice K in Laue gee-ire try at 13.4 keV . Tn.is image snows 
strains in the [DIG' direction, and thereby the cessation in the 
growth of one of the facets while an adjacent racet continued to 
grow. 

Schematic illustration of basic elements in a model for the flow 
in the bismuth silicon oxide melt as modified for stable flat 
interface Czochralski growth. 

Schematic illustration of basic elements in the model for the 
flow in the bismuth silicon oxide melt as modified for faceted 
interface Czochralski growth. Competition between the two melt 
currents causes changes in the relative rates of growth of the 
various facets. 

Diffraction image of titanium indiffused lithium niobate showing 
strains caused by this stage in the manufacture of a guided wave 
device . 


Fig. 2S. Schematic diagram of sources of image confusion caused by the 

unfortunate combination of defect strain and lattice orientation. 

Fig. 30. Magnified portion cf ■ '00*' diffraction image of central portion 

of (001) -cut indium dopes gallium arsenide wafer as diffracted by 
a silicon crystal oriented to pass the "perfect crystal” 
diffraction and tc discriminate against defects. 


IE- 


Magnified portion of 1 -- diffraction image of central portion 
of (001) -cut indium copes, gallium arsenide wafer as diffractec by 
a silicon crystal oriented tc pass diffraction from detects anc 
to discriminate against "perfect crystal” diffraction. 
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